Abstract -The present paper describes the implementation of an industrial regulator in a real time Hardware-In-the-Loop simulation of a mixed islanded power network including precise models of the hydraulic system. The studied network is composed of three different types of electrical power generation systems and a consumer.
The test of regulators is essential in the field of power network studies. For the study of the behavior of a real hardware regulator there is a need to extend standard software simulation with the hardware-in-the-loop (HIL) functionality. In this kind of simulation the software simulates the system and interacts in real time with the hardware regulator. In this study, the real time simulation software used is SIMSEN-RT [1] . HIL simulation has already been used in many fields and purposes [2, 3] . An event such as the decrease of wind in a mixed islanded power network described in [4] has been used as a test case for this development. The interest of this case is to be realistic and to be at the limit of the computing power of a standard personal computer, in real time applications.
The studied power network is composed of three different types of electrical power generation and a consumer: This paper is organized as follows: The communication between the simulation software and the external hardware regulator is described in section III. Section IV describes the block structure of the regulators as well as their implementation in Dynamic Link Library (DLL). The studied system is presented in section V. The comparison between DSP/DLL and software regulators is given in section VI. Finally, conclusions are given in section VII.
III. DESCRIPTION OF THE HIL STRUCTURE

A. Signal path
Fig. 3. Signal path
At each simulation time step a state value is sent by the software (SIMSEN-RT) to the DSP regulator through interface cards needed for analog/digital (AD) translation as well as voltage adaptation. Fig. 3 shows the path of the signal representing a simulation value. The simulation software first sends digital signals to the acquisition card which converts it to an analog voltage through a digital/analog converter (DAC). This analog signal is then sent to an external regulator (a DSP regulator in this case). The DSP regulator performs its computation and outputs a PWM signal (because the used DSP has no analog output). This signal is then converted to an analog voltage through a RC filter and sent back to the acquisition card that converts it to a digital simulation value with an AD converter.
B. Signal adaptation
Fig. 4. Coefficients
In each step of the signal path there is a need to adapt the signal to the range of values accepted by the different elements. As an example, Fig. 4 shows how to convert a simulation value to an analog voltage. The external voltage range is between 0 and 3V due to the AD converter of the DSP. The root mean square (RMS) line voltage range is between 0 and the double of the nominal voltage (17'500V in this case). The simulation and the tested hardware are independent and each one has its own sampling period. The simulation sets its output to a new value every Ts seconds and reads its inputs at the same time. The tested hardware regulator sets its output every T's seconds and reads its inputs at the same time.
C. HIL exchange timing
To perform a HIL simulation, it is required that the simulation runs in real time. This means that each integration step (ΔT) of a simulation has to be computed faster than the real time to let time spared for the communication between the simulation and the tested hardware. This is resumed in the following requirement:
T E is the time necessary for reading and writing the data. The computation time (T C ) is influenced by the topology of the simulated installation. The computation time of a basic installation is lower than for a complex installation. The integration step has a big influence on the computation time. To get a short computation time, the integration step has to be large. The integration step is constrained by the smallest time constant of the physical phenomena of the simulated installation. A typical integration step is 1ms for an electrical installation with electrical machines and without power electronics. The simulation software used in this work is able to check if the real time condition is respected or not. A tolerance value can be chosen so to allow for small discrepancy between real time and simulation time. If the difference is too large the simulation stops. In this work the code structure has been designed such as to allow the composition of the regulator in a modular way and an easy transposition in the different implementations (inside the simulation program, in an external program, in a DSP).
A. Block structure of regulators
In the simulation software a regulation scheme can be built using basic blocks; a C code structure is created to make easy to transpose such a block diagram to a C code. When the block diagram of an industrial regulator is known, it is easy to implement it in the DSP. Each module of a block diagram has its C code equivalent. Fig. 7 shows some basic blocks used to create a regulator. The code is designed in an object oriented manner with a set of fundamental elements and their instantiated copy for each block of a regulator scheme. The program has two distinct parts, one defining basic block structures and one using these structures to create blocks. These blocks have their parameters filled and are then connected to the other blocks of the regulator scheme.
Here is an example of the C code line corresponding to the use of the basic "reg" block:
The output of the regulator reg1 is then accessible by reading its output parameter: reg1.out
B. Implementation of regulators in DLL
A DLL is a kind of program that is meant to stay in memory and be called by other programs. In this work it has been taken advantage of so as to be able to develop and test the code of regulator programs on the computer before implementing it on the DSP. The block structure of the regulator code has been put to full use to ease its transfer between the DLL and the DSP. The DSP has to be initialized with a specified C code. This part of C code is no more needed for the DLL. It means that this part of the code has to be removed to generate a DLL file. The DSP C code used to read an analog voltage through an AD converter has to be modified for the DLL C code as there is no AD converter used by the DLL. The digital simulation value is directly sent to the DLL without any conversion.
Most importantly, the part of the C code used for the regulation can be simply copied from the DSP C code to the DLL C code.
The output DSP C code has to be adapted for the DLL because there is no more PWM signal. The digital output value of the DLL is directly sent to the simulation software without any conversion.
After these modifications, the new C code is compiled by a DLL compiler to generate a DLL file that can be used by the simulation software.
C. Implemented voltage regulator
In this study an industrial voltage regulator is implemented in C code. The full structure comprises around 150 basic blocks.
V. SIMULATED INSTALLATION
This section describes the mixed islanded power network simulated in this study such as illustrated in Fig. 6 .
The thermal power plant produces a constant electrical power, the wind turbine installation produces variable electrical power depending on wind speed; the hydraulic installation is used to compensate variations in wind and load consumption. The lines voltages of the three generators are set by three voltage regulators. The wind turbine speed is set by a speed regulator that changes the pitch angle of the blades. If the wind is too slow or too fast, the wind turbine stops. The speed of the hydraulic turbine is set by a speed regulator that changes the guide vane opening of the turbine. The speed of the thermal installation is not set by a specified regulator. A constant torque is applied on the rotor of the thermal power plant and the speed is determined by the two previous speed regulators.
The voltage regulator of the hydro-electrical installation is replaced by an external hardware regulator (DSP regulator). The "VReg" block represents the software regulator, the "RTCom" block represents the link to the external DSP regulator and the "Extern" block represents the link to the DLL regulator. These three regulators are represented in Fig. 8 . Only one of them is used during a simulation, the two others must be disabled. They are just three equivalent implementations of the same regulator.
VI. TESTS AND RESULTS
The behavior of the mixed islanded power network is tested with wind speed changes. Fig. 9 shows the speed evolution of the wind.
The wind turbine increases its power generation during the wind speed increase. The thermal power and the load power consumption stays at the same value so the variation of wind power is compensated by the hydro-electrical installation. Fig. 10 . shows the comparison of the active power evolution using a software regulator or a DSP regulator. The power evolution is the same in both cases (curves are superimposed).
Phydro_soft [W]
Ptherm_soft Table I shows that the power consumed by the load and the thermal power are the same before and after the wind speed increase.
The no-load excitation voltage corresponding to the nominal line voltage is equal to 209 V. Fig. 11 is a comparison between the excitation voltage given by the software regulator and by the DSP regulator. The two curves follow the same evolution but the DSP output contains noise that is mainly added by the computations performed in the DSP.
The nominal RMS line voltage of the synchronous machine of the hydro-electrical installation is 17'500V. 
B. Comparison between DLL and software regulators
As mentioned before, another part of this project was to generate DLL programs with a slightly modified version of the DSP code. Fig. 13 and Fig. 14 show a comparison between the software regulator and the DLL regulator. The excitation voltage and the line voltage represented in these figures have the same evolution with the software regulator and the DLL regulator, which validates the proposed approach.
For this mixed islanded power network, the frequency remains in an acceptable range of variation [49.85Hz; 50.55Hz] for the studied case in both implementations (DLL, DSP). The main aim of this study was to perform a HIL simulation with a voltage regulator implemented in a DSP. The results obtained are convincing. This project has illustrated the usefulness of a modular structure to implement regulators and translate them in different environments. A block diagram of a regulator can be easily translated in C code implemented in DLL files, then tested and in the end transferred to a DSP. Finally this project shows that it is possible to perform HIL simulations of relatively complex systems on a standard computer.
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